Key Points {#FPar1}
==========

Aberrant protein misfolding and aggregation is associated with neurodegenerative disease.Biochemical pathways that suppress or remove aggregated proteins are only just now being targeted and examined in the clinic.

Introduction {#Sec1}
============

The Cost of Neurodegenerative Disease {#Sec2}
-------------------------------------

Neurodegeneration is an umbrella term for an array of neurological diseases, including Alzheimer's disease (AD), Parkinson's disease (PD), and Huntington's disease (HD), as well as frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS). These conditions, which are estimated to affect over 40 million people worldwide \[[@CR1]\], are characterized by the progressive structural and functional loss of neurons, which ultimately leads to the development of clinical features \[[@CR2]\]. The symptoms are typically chronic in nature with profound impacts on the well-being of the affected individuals \[[@CR3]--[@CR5]\], as well as their families, friends and caregivers. Although neurodegenerative disease (ND) may affect people of all ages, its prevalence and incidence increases dramatically with age \[[@CR6]\]. As life expectancy increases and the world's population ages, the number of individuals suffering from these disorders will increase. In addition to human suffering, NDs pose an ever-increasing economic burden, estimated to cost over approximately US\$300 billion to the US healthcare system alone per year \[[@CR7]\], a value that is expected to increase due to the aging population. Therefore, the development of effective therapeutics is essential in decreasing the personal, social, and economic burdens of these devastating neurological disorders.

Protein Aggregation is a Common Pathological Hallmark of Neurodegenerative Disease {#Sec3}
----------------------------------------------------------------------------------

A common pathological hallmark of neurodegenerative disease (ND) is the deposition of specific proteins into insoluble proteinaceous deposits in and around affected tissues (e.g. Lewy bodies spread throughout the central, autonomic, and peripheral nervous systems in PD, and intracellular inclusions in upper and lower motor neurons in ALS) \[[@CR8]--[@CR10]\]. In most cases, the major constituent of the insoluble material is a disease-specific protein (Table [1](#Tab1){ref-type="table"}), such as amyloid-β (Aβ) \[[@CR11]\] and tau \[[@CR12]\] in AD, α-synuclein in PD \[[@CR9]\] and multiple system atrophy (MSA) \[[@CR13]--[@CR15]\], huntingtin in HD \[[@CR16]\], and TDP-43 in ALS/FTD \[[@CR10]\], although there is evidence of protein overlap emerging between syndromes \[[@CR17]\]. The existence of these insoluble protein deposits suggests that protein misfolding and aggregation may play a key role in disease etiology and pathophysiology \[[@CR18]--[@CR21]\]. This is perhaps due to reduced protein homeostasis (proteostasis) concomitant with aging, genetic factors (mutations and polymorphisms) \[[@CR22]\] and environmental factors (e.g. oxidative stress) \[[@CR23]\], which can both lead to changes in protein folding quality control and result in, or catalyze, protein misfolding. Such dysregulation could then lead to the build-up of toxic oligomers, inclusion bodies, or aggregates that may be toxic in ND. Protein aggregation is defined as the accumulation of misfolded proteins into higher-order structures that can be either soluble or insoluble, and is considered an 'off-folding' pathway within the schema of protein folding theory \[[@CR18]\], making protein processing an important focus of biomedical research.Table 1Overview of aggregating proteins associated with neurodegenerative disease, and their biological and pathological rolesDisease/proteinPhysiological roleDeposit typeLocationPathological characteristics**Alzheimer's disease**Amyloid-βModulation of synaptic activityInnate immunityPlaqueExtracellular spaceAmyloidTauStabilization of microtubulesNeurofibrillary tanglesNeuronsCytoplasmicHyperphosphorylatedUbiquitinated**Parkinson's disease and MSA**α-SynucleinMembrane remodellingLewy bodiesLewy neuritesGlial cytoplasmic inclusions (MSA)NeuronsGliaCytoplasmicHyperphosphorylatedUbiquitinated**Huntington's disease**Huntingtin (Htt)UnknownInclusionsIPODNeurons (cortex striatum)UbiquitinatedIntranuclearCytoplasmic**Frontotemporal lobar degeneration**TauStabilization of microtubulesNeurofibrillary tanglesNeuronsCytoplasmicHyperphosphorylatedUbiquitinatedTDP-43RNA splicing and traffickingInclusionsNeuronsHyperphosphorylatedUbiquitinatedCytoplasmicC-terminal fragments (25 and 35 kDa)FUSRNA metabolismInclusionsMotor and cortical neuronsGliaCytoplasmicUbiquitinated**Amyotrophic lateral sclerosis**SOD1Antioxidant enzymeInclusionsJUNQMotor neurons (spinal)Glia (spinal)UbiquitinatedCytoplasmicTDP-43RNA splicing and traffickingInclusionsMotor and cortical neuronsGliaHyperphosphorylatedUbiquitinatedCytoplasmicC-terminal fragments (25 and 35 kDa)FUSRNA metabolismInclusionsMotor and cortical neuronsGliaCytoplasmicUbiquitinated**Creutzfeld--Jakob**Prion (PrP^SC^)Cell signallingCell adhesionPlaque and synapticSynapsesAmyloidPerivacuolar*IPOD* insoluble protein deposit, *JUNQ* juxtanuclear quality control compartment, *MSA* multiple system atrophy, *SOD1* superoxide dismutase 1, *FUS* fused in sarcoma, *TDP-43* TAR DNA binding protein of 43 kDa

Much research has been focused on understanding the abnormal processing of proteins implicated in neurodegeneration \[[@CR24]--[@CR26]\]. In the case of Aβ in AD, the transmembrane amyloid precursor protein (APP) is cleaved sequentially by β-secretase and then γ-secretase to generate highly aggregation-prone isoforms of Aβ polypeptide \[[@CR27]\]. Multiple genetic factors can exacerbate this process \[[@CR28]\]. The Aβ polypeptide is thought to self-associate into small soluble oligomers that proceed to grow in size until they form insoluble fibrillar structures, called amyloid fibrils, in the extracellular space \[[@CR24]\]. Amyloid fibrils are defined by their highly stable cross-beta-sheet structure, which is thought to be a conformation accessible to all proteins \[[@CR29]--[@CR31]\]. Indeed, proteins in many diseases are capable of forming amyloid-like structures, such as amylin in diabetes \[[@CR32]\], α-synuclein in PD \[[@CR33]\], prion protein in transmissible spongiform encephalopathy \[[@CR34]\], huntingtin in HD \[[@CR35]\], transthyretin in familial amyloid polyneuropathy/transthyretin amyloidosis \[[@CR36]\], β2-microglobulin in dialysis-related amyloidosis \[[@CR37]\], and many others \[[@CR30]\]. Amyloid structures are highly ordered and are therefore thought to result from general physicochemical properties of protein structure and topology \[[@CR29]\]. In contrast to this, many proteins are also known to undergo aggregation into amorphous aggregates that do not have a defined a structure. Amorphous aggregates are associated with several degenerative diseases such as inclusion body myositis \[[@CR38]\], cataract \[[@CR39]\], and light-chain deposition disease \[[@CR40]\]. Regardless of the final structure formed, the progression through smaller oligomeric complexes is thought to be critically important to cellular toxicity in diseases associated with protein aggregation \[[@CR24]\].

Toxicity of Misfolded and Aggregated Proteins {#Sec4}
---------------------------------------------

Low molecular-weight soluble aggregates are associated with greater toxicity in ND models, perhaps due to their greater ability, over large aggregates, to freely diffuse within cells and cell to cell, as well as their high reactivity for aberrant interactions. It has even been suggested larger insoluble amyloid and amorphous aggregates are thought to act as protective 'sinks' that sequester the toxic soluble forms \[[@CR41], [@CR42]\]. However, there is also evidence that suggests that large aggregates sequester other molecules from their normal roles, and induce toxicity via loss or reduction of essential cellular functions \[[@CR43], [@CR44]\]. This discrepancy appears to be partially dependent on the type of protein that is aggregating and the type of aggregate that is forming. For example, Huntingtin protein (Htt) with expanded poly-Q repeats is invariably toxic, and a key feature of patient tissue and cellular expression is the formation of large perinuclear or intranuclear Htt inclusions \[[@CR16]\].

Misfolded Htt is partitioned into a certain type of protein inclusion called an 'Insoluble Protein Deposit' (IPOD) \[[@CR45]\]. Cells that form these IPOD inclusions appear to have greater survivability compared with cells that have large amounts of soluble Htt, suggesting that soluble monomers or oligomers are responsible for toxicity in this disease \[[@CR46]\]. In contrast, expression of designed amyloidogenic proteins in HEK293T cells has been found to directly affect a population of metastable proteins and sequester them from healthy functioning \[[@CR47]\]. More recently, the trafficking of protein and RNA from the nucleus to cytoplasm has been suggested to be dysregulated by misfolded and aggregated proteins in ND \[[@CR48]\]. Regardless of the toxic species, key mechanisms of toxicity include interaction of misfolded species with various cellular components, sequestration of essential proteins from their normal function, and chronic impairment of stress-response mechanisms (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1The effects of proteotoxicity and cellular mechanisms that prevent it. A healthy neuron is capable of maintaining the stability of its functional proteome through the maintenance of proper folding fidelity, and degradation of misfolded proteins via autophagy and the ubiquitin-proteasome system. Misfolded proteins can also be rescued and refolded through interactions with chaperone proteins. If these mechanisms fail or become less effective beyond critical thresholds, unstable and misfolded proteins can accumulate and form inclusions, and/or aberrantly interact with molecules essential to key cellular pathways such as nucleocytoplasmic transport and mitochondrial functioning. The endoplasmic reticulum can also become chronically stressed. Misfolded proteins can prevent proper transport of RNA and proteins along axons, leading to axonal dysfunction and eventually cell death. Aberrant interactions involving intracellular or extracellular misfolded proteins or aggregates can impair synaptic transmission, which is essential for proper neuronal functioning. Finally, misfolded and aggregated proteins have the capability to propagate to nearby cells, leading to progressive neuronal degeneration

The initial misfolding and subsequent formation of protein aggregates is thought to be a consequence of the inability of cellular protein quality control machinery to maintain protein homeostasis (proteostasis), either through a decline in effectiveness with age or by mutation in disease-associated proteins (reviewed by Yerbury et al. \[[@CR49]\]). This is supported by evidence linking mutations in genes intimately involved in maintaining proteostasis being causative for ND (e.g. UBQLN2 in ALS \[[@CR50]\] and PRKN (parkin) in PD \[[@CR51]\]). Mechanisms by which cells ensure proteome stability include expression and regulation of molecular chaperone proteins, and degradation through the ubiquitin proteasome system (UPS) or autophagy. These mechanisms are currently the subject of studies attempting to develop effective therapies for NDs. Recent clinical trials of therapies targeting these cellular networks are discussed below.

Molecular Chaperone Proteins {#Sec5}
============================

Molecular chaperone proteins are abundantly expressed in cells and facilitate proper protein folding through association with nascent, intermediate-state, or damaged polypeptides \[[@CR52]\]. Under healthy conditions, when a protein is misfolded, the chaperone machinery facilitates repair through protein refolding, or clearance through protein-degradation pathways \[[@CR53], [@CR54]\]. This protective effect is performed by an ATP-dependent active 'folding' mechanism regulated through HSP70, or a much more common 'holding' mechanism where an unfolded or misfolded intermediate is bound by a chaperone until it can be folded or degraded. The largest subclass of molecular chaperones, the heat shock proteins (HSPs), are named for their upregulated expression in response to heat stress \[[@CR55]\], and play multiple roles within the maintenance of proteostasis \[[@CR56]\] and other biochemical pathways throughout the cell \[[@CR57]\].

HSPs act primarily to bind and stabilize misfolded protein conformers \[[@CR54], [@CR58]\], but can also stabilize large aggregates from breaking apart \[[@CR59]\]. Another important aspect of protein folding is the processing of disulfide bonds, which occurs predominantly in the endoplasmic reticulum, by protein disulfide-isomerase and similar proteins. Owing to their role in protein folding and response to stress, chaperones are considered to be a 'first line of defence' in proteostasis, therefore playing an important role in proteinopathies, where they have been suggested to have great therapeutic potential. Indeed, several pharmacological approaches attempting to promote the upregulation of chaperone proteins or the heat shock response (HSR) have been examined in rodent models of ND \[[@CR60]--[@CR64]\] with varying degrees of success. This has prompted several approaches to upregulate chaperone proteins as a means to treat ND, discussed in detail below.

Arimoclomol to Activate the Heat Shock Response {#Sec6}
-----------------------------------------------

Recently, the drug arimoclomol underwent a phase II/III clinical trial in patients suffering from superoxide dismutase 1-associated familial ALS (SOD1-fALS) \[[@CR65]\], where the misfolding and deposition of mutant SOD1 into cytoplasmic inclusions in motor neurons and glia is a key hallmark of disease \[[@CR66]\]. Arimoclomol is a potent activator of the HSR, which upregulates expression of HSPs when induced, and would therefore be expected to decrease the load of misfolded and aggregated SOD1 through increased chaperone-mediated folding. The mechanism of action of arimoclomol is thought to proceed through the ability of arimoclomol to bind strongly to heat shock transcription factor 1 (HSF1) for long periods, thus maintaining HSF1 in its activated state \[[@CR67]\]. When activated, HSF1 induces the expression of multiple HSPs, and this activation can occur when cells are challenged by proteotoxic or other stressors \[[@CR68]\]. The ability of arimoclomol to upregulate the HSR would be of particular use in the case of neurons, which appear to be deficient in upregulating the HSR in response to proteotoxic stress \[[@CR69]--[@CR76]\]. Preclinical studies in mice treated with arimoclomol have suggested that the HSR is upregulated as a result of treatment \[[@CR77], [@CR78]\].

In a recent small-scale phase II/III clinical trial, 38 patients were treated with arimoclomol 200 mg three times daily for up to 12 months with no significant adverse effects reported, indicating the safety and tolerability of the drug. Importantly, patients were screened for SOD1 mutations and an A4V mutation subgroup was created owing to the rapidly progressing ALS this mutation causes \[[@CR79]\]. However, patient outcomes, determined by the ALS Functional Rating Scale (ALSFRS) \[[@CR80]\] and forced expiratory volume at 6 s (FEV6) \[[@CR81]\] rates of decline, were not significantly improved for the arimoclomol group compared with placebo, even in the case of the A4V subgroup, but there was a trend towards arimoclomol-treated patients having slightly better outcomes (ALSFRS and FEV6) at all time points examined. This failure to significantly halt disease progression could be due to the fact that upon diagnosis of ALS, a patient has already undergone significant denervation \[[@CR82]\] and has lost a significant proportion of their motor neurons, where higher efficacy could potentially be achieved with earlier treatment. A phase III trial of arimoclomol in ALS is currently underway (ClinicalTrials.gov identifier: NCT03491462), with this trial involving a greater number of patients who suffer from either familial or sporadic ALS.

Arimoclomol was also recently tested for safety in a small trial involving the muscle-wasting disease inclusion body myositis (iBM) \[[@CR83]\]. iBM is a muscle inflammatory disease that results in extensive skeletal muscle weakness, potentially affecting respiratory muscles, which predominantly occurs in people above 50 years of age \[[@CR84]--[@CR86]\]. Hallmarks of the disease related to inflammatory features include high levels of major histocompatibility complex class I and invasion of local tissues by mononuclear cells \[[@CR87]\]. Hallmarks that suggest proteostasis decline include the presence of inclusion bodies that are composed of multiple proteins such as p62 \[[@CR88]\], hyperphosphorylated tau \[[@CR89]\], APP \[[@CR90]\], TAR DNA-binding protein 43 \[[@CR91], [@CR92]\], and heterogeneous nuclear ribonucleoproteins A1 and A2B1 (hnRNPA1 and hnRNPA2B1) \[[@CR93]\].

After finding that arimoclomol reduced pathology and decreased muscle defects in a rat model of iBM \[[@CR83]\], researchers performed a small-scale trial of the drug in patients with sporadic iBM. Similar to the previous ALS trial, the drug was found to be well tolerated by patients (*n* = 24), with only minor adverse effects that were mainly gastrointestinal in nature. Also, similar to the above ALS trial, arimoclomol was not found to have any significant effects on markers of disease progression, as measured by the Inclusion Body Myositosis-Functional Rating Scale (IBMFRS) \[[@CR94]\]. The authors of this study do note that there was a trend towards better outcomes (IBMFRS) in the arimoclomol-treated group compared with placebo control, and that a longer trial (\> 4 months) with more patients may result in significant differences. A phase II trial is now currently underway to examine arimoclomol with more statistical power in regard to halting or treating iBM (ClinicalTrials.gov identifier: NCT02753530).

Effective Strategies in Chaperone Upregulation {#Sec7}
----------------------------------------------

When considering an effective method of treatment in ND disease, one has to take into account the specific protein responsible for pathology. Evidence supporting this notion exists within preclinical studies which suggest that specific targets within the chaperone network are effective only in certain cases of ND. For example, transgenic mice expressing ALS-associated mutant SOD1 were crossed with mice overexpressing either Hsp70 \[[@CR95]\], Hsp27 \[[@CR96], [@CR97]\], HSJ1 \[[@CR98]\], or the HSR regulating protein SIRT1 \[[@CR99]\], resulting in variable protection and rescue of viability in these models. Neither Hsp70 nor Hsp27 upregulation was found to affect disease onset or progression, whereas SIRT1 overexpression was found to extend lifespan in mice expressing low levels of mutant SOD1 \[[@CR99]\]. In contrast, targeting the HSR with pharmacological compounds (withaferin A, celastrol, arimoclomol) showed a positive effect in mutant SOD1 mouse models \[[@CR77], [@CR100]--[@CR102]\]. This highlights that targeting specific components of the chaperone regulatory network may not be a viable approach and that general upregulation of chaperones and other stress response proteins is potentially the most effective treatment option.

Viral-Based Genetic Therapy to Increase Chaperone Capacity {#Sec8}
----------------------------------------------------------

Beyond pharmacological approaches, viral-delivered gene therapies are of growing interest to researchers due to their effectiveness at introducing genetic material into post-mitotic neurons \[[@CR103]\], which are generally the most susceptible cells to proteotoxicity \[[@CR104]\]. Most evidence of the efficacy of gene delivery of chaperones has been conducted in preclinical models, showing a powerful ability to reduce the levels of misfolded and aggregated proteins in PD models and inhibit death in dopaminergic neurons in in vivo models \[[@CR105], [@CR106]\]. Although clinical trials related to the delivery of genes to rebalance or upregulate components of proteostasis are yet to be carried out, viral-based gene therapy has been examined in clinical trials of PD \[[@CR107], [@CR108]\].

In one such trial, a small number of patients were administered an adeno-associated virus (AAV) carrying the gene encoding the glial-derived neurotrophic factor neurturin, which is essential for neuron health and growth, as well as being shown to rescue neuron function in PD model rats \[[@CR109]\]. The aim was to deliver the AAV to the substantia nigra in patients in the hope that neurturin would be expressed and protect neurons from degeneration \[[@CR108]\]. Encouragingly, there were no unexpected adverse effects from the surgery and infusion of AAV, and follow-up of patients showed no adverse effects up to 2 years after treatment \[[@CR110]\]. Additionally, decline in patient motor function was stalled or slowed. Several of the patients enrolled in this trial passed away from unrelated causes and were autopsied to examine the expression of neurturin, finding however that it was only present at levels moderately higher than control PD patients \[[@CR111]\]. The ability to deliver a gene to affected areas in the brain for long-term expression and protection is desirable compared with continual injection with other gene delivery methods, although there are considerations with the safety of viral particles.

Targeting the Ubiquitin Proteasome System (UPS) {#Sec9}
===============================================

If proteins fail to fold properly they can become targets for selective degradation by the UPS. As well as being involved in the degradation of misfolded proteins within cells, ubiquitination is deeply involved in cellular signalling \[[@CR112]\]. The system is composed of multiple ligation enzymes that act in a cascade to label a protein with single or poly-ubiquitin via isopeptide bonds at lysine residues. Precise control of this system is necessary as the structure of a ubiquitin chain modulates its signalling purpose (e.g. K27 linkages on ubiquitin are associated with the DNA damage response, whereas K48 linkages are associated with proteasomal degradation) \[[@CR113]\]. Following attachment of a K48 ubiquitin chain, proteins are shuttled to the 26S proteasome, where, upon delivery, the ubiquitin chain is cleaved by deubiquitinating enzymes, and the cargo is unfolded and transferred into the proteasome for degradation \[[@CR114]\]. The balance between ubiquitination and deubiquitination is tightly controlled to maintain a pool of free ubiquitin for use in signalling or degradation pathways, and it is suggested that tipping the balance of this system may be a cause for neurodegeneration \[[@CR49]\]. Although the UPS has been the subject of intensive research in cancer therapy \[[@CR115], [@CR116]\], it has seen less interest as a therapeutic target for neurodegeneration. In cases where the UPS has been targeted, the focus is on upregulation of ubiquitin ligases, or inhibition of deubiquitinating enzymes \[[@CR117]\].

Cilostazol to Activate the UPS in Alzheimer's Disease (AD) {#Sec10}
----------------------------------------------------------

It has recently been suggested that the UPS is dysfunctional in AD \[[@CR118], [@CR119]\] and dementia in general \[[@CR11], [@CR120], [@CR121]\]. In the case of AD, hyperphosphorylated and ubiquitinated tau is found in intraneuronal neurofibrillary tangles in patients \[[@CR12], [@CR122]\] and mouse models \[[@CR123], [@CR124]\], suggesting that the UPS may be the main degradation pathway for tau. A small molecule called cilostazol has historically been used to treat patients suffering from peripheral vascular disease \[[@CR125]\], and is a phosphodiesterase 3 inhibitor that increases UPS function through a cAMP/protein kinase A-dependent mechanism. Recently, some small-scale studies of this UPS-activating small molecule were carried out to determine its effectiveness in patients with mild cognitive impairment (MCI) \[[@CR126]\] and AD \[[@CR127], [@CR128]\].

In an initial study, 20 patients were enrolled to receive cilostazol 100 mg/day for 6 months, where it was determined that there were no significant differences in patient decline (Mini-Mental State Examination \[MMSE\], Alzheimer's Disease Assessment Scale--Cognitive Subscale Japanese version \[ADAS-Jcog\], Trail Making Test-A \[TMT-A\] or Revised Wechsler Memory Scale \[WMS-R\] logical memory-I tests), although diagnosis of some patients in this study was not fully confirmed \[[@CR127]\]. Furthermore, patients who received cilostazol were found to have increased regional cerebral blood flow in the right anterior cingulate lobe. Although no change in decline was observed here, increased blood flow to the brain is a current potential treatment for AD, considering that reduced cerebral blood flow is found in AD patients \[[@CR129]\]. Another small-scale study (*n* = 30 patients) carried out in Taiwan \[[@CR128]\] determined that cilostazol reduced the odds of clinical deterioration of cognitive decline (measured by MMSE and Clinical Dementia Rating Scale Sum of Boxes \[CDR-SB\] at 12 months after treatment start). Importantly, cilostazol was administered as an add-on therapy to patients already being administered acetylcholinesterase inhibitors.

No adverse events were recorded in the above studies, although, given the fact that cilostazol has been US FDA approved for use in the treatment of peripheral vascular disease \[[@CR125]\], adverse events would not be expected. In the case of the ongoing cilostazol MCI trial (NCT02491268), a greater number of patients (*n* = 200) who were more rigorously screened (physical examination, laboratory tests, MMSE, CDR, Alzheimer\'s Disease Assessment Scale-cognitive subscale \[ADAS-cog\], WMS-R, TMT, Free and Cued Selective Reminding Test \[FCSRT\], Alzheimer's disease co-operative study ADL scale for mild cognitive impairment \[ADCS-MCI-ADL\], magnetic resonance imaging \[MRI\]) have been enrolled to take placebo or cilostazol 50 mg twice daily for 96 weeks, with outcomes measured at 4, 24, 48, 72, and 96 weeks \[[@CR126]\]. It will be interesting to see if cilostazol is found to be effective at the conclusion of this study. At the very least, its lack of adverse effects makes it a possible supplement for all AD patients.

Autophagy {#Sec11}
=========

Although the UPS plays an important role in protein degradation, autophagy-mediated degradation is the main pathway through which aggregated protein is degraded in non-dividing neuronal cells \[[@CR130]\]. Suppression of this system leads to the accumulation of protein aggregates \[[@CR131], [@CR132]\]. Autophagy is the process by which large structures, which can include large protein aggregates and organelles, are delivered to lysosomes for degradation. A basic mechanistic overview of autophagy is that an initial double membrane structure, called a phagophore, forms, which elongates and engulfs cytoplasmic material for degradation. Once the phagophore has closed around cargo, it becomes an autophagosome, which can fuse with a lysosome to form an autolysosome, in which the cargo is digested and recycled back into the cytoplasm (reviewed in detail by Bento et al. \[[@CR133]\]). Currently, there are understood to be three types of autophagy: chaperone-mediated autophagy, macroautophagy, and microautophagy, each characterized by different methods of cargo delivery to the autophagosome. Although there are several pathways by which autophagy can be initiated or cargo can be delivered, several key regulators of autophagy that can be targeted to induce autophagy have been identified as having therapeutic potential.

Transcription Factor EB Targeting {#Sec12}
---------------------------------

Transcription factor EB (TFEB) is a regulator of autophagy that promotes the expression of a gene network called the 'coordinated lysosomal expression and regulation network' (CLEAR) \[[@CR134]\]. Upon starvation or stress, TFEB will translocate from the cytoplasm to the nucleus to upregulate expression of CLEAR, effectively stimulating autophagy to occur and clear the cell of any unnecessary materials. The drug 2-hydroxypropyl-β-cyclodextrin (HPbCD) was recently found to upregulate TFEB and assist in the clearance of aggregated α-synuclein in a cell-based PD model \[[@CR135]\]. Although not specifically used in clinical trials of proteinopathies, HPbCD has seen recent use in phase I/II clinical trials in the treatment of Niemann--Pick disease type C, which affects the intracellular transport of cholesterol \[[@CR136]\]. In this study, HPbCD was administered intrathecally at dosages of 50--1200 mg once monthly, or 400 mg every 2 weeks. Findings indicated that even doses of 1200 mg were well tolerated. No serious reactions to the drug were reported; however, other expected adverse events were recorded, including hearing loss, post-lumbar headache, and post-injection fatigue, the latter two of which were strictly related to the lumbar injections. Hearing loss was found to be dose-limiting in patients. Disease progression was slowed in treated patients and examination of biomarkers for efficacy related to cell health and cholesterol homeostasis suggested a neuroprotective effect most likely dependent on mobilization of cholesterol within the CNS. The success of this trial marks HPbCD as a possible treatment in proteinopathies as a method to promote degradation of toxic protein aggregates via autophagy.

Rapamycin to Inhibit the Mechanistic Target of Rapamycin {#Sec13}
--------------------------------------------------------

The compound rapamycin (RAPA) was previously shown to interact with and inhibit the mechanistic target of rapamycin (mTOR) \[[@CR137], [@CR138]\]. Inhibition of mTOR through caloric restriction leads to upregulation of autophagy in eukaryotes \[[@CR139], [@CR140]\], and this is also seen with rapamycin treatment \[[@CR141]\]. Indeed, rapamycin treatment has previously been shown to be protective in animal models of HD \[[@CR142]\], PD \[[@CR143]\], and AD \[[@CR144], [@CR145]\], making it a prospective therapeutic for these disorders.

A phase I clinical trial is currently recruiting with the aim of determining the safety and efficacy of treatment of ALS with rapamycin (NCT03359538). Patients taking part in this clinical trial will be split into three different groups---a placebo group, a 1 mg/m^2^ daily-dose group, and a 2 mg/m^2^ daily-dose group, where plasma rapamycin levels will be examined so that dosages can be adjusted accordingly. Rapamycin will be administered orally in tablet form. The primary outcome to be measured will be patient stress response in the form of regulatory T-cell (Treg) number. Secondary outcomes will include the number of serious adverse events, and adverse events, the ability of rapamycin to cross the blood--brain barrier, changes in the ALSFRS-revised between placebo and control, and other outcomes. Although this trial is still recruiting, a completed trial of rapamycin on older humans has recently been completed \[[@CR146]\], showing good safety outcomes with few adverse effects. The aim of this study was to determine the safety of rapamycin treatment in older humans, where it was found that rapamycin was well tolerated. Rapamycin could potentially be a supplement that all sufferers of neurodegeneration could take in conjunction with other medications, however, further trials would have to be conducted to ensure safety and efficacy. Other possible complications arising from rapamycin use could involve reduced wound healing \[[@CR147]\] and immune suppression \[[@CR148]\]. Furthermore, rapamycin is considered to have only mildly beneficial effects in some previous clinical trials including diseases such as cancer and diabetes \[[@CR149]\].

Nilotinib to Upregulate Autophagy in Neurodegenerative Disease {#Sec14}
--------------------------------------------------------------

A promising small compound approach to decreasing the levels of cellular α-synuclein has been found with the FDA-approved tyrosine kinase inhibitor nilotinib, which is currently approved for the treatment of chronic myeloid leukaemia \[[@CR150]\]. Nilotinib is capable of inducing autophagy via inhibition of the Abelson tyrosine kinase \[[@CR151]\], which has been shown to result in the increased degradation of α-synuclein \[[@CR152]\] and amyloid \[[@CR153]\] in preclinical models. A small proof-of-concept study involving 12 subjects diagnosed with PD was initially carried out to examine the safety and tolerability of nilotinib at dosages (150--300 mg daily for 24 weeks, oral dose) lower than that used in cancer treatment \[[@CR154]\]. Although the study did not have a placebo control group, the reported adverse effects within the cohort was low and was not considered to be related to treatment. These events included urinary tract infections, myocardial infarction, pneumonia, headaches, back pain, coughing, nausea, and irritation. Considering the low level of adverse events and good pharmacokinetic data \[[@CR154]\], nilotinib has been moved into a clinical trial with more statistical power (randomized, double-blind, placebo-controlled investigation with 75 patients \[NCT02954978\]), with dosages similar to those previously reported \[[@CR154]\]. Studies investigating nilotinib in AD (NCT02947893) and HD (NCT03764215) are also currently underway.

Balancing Synthesis and Processing of Proteins {#Sec15}
==============================================

Even though the upregulation of protein degradation machinery is showing promise in some cases, the lack of specificity in these systems, and their tight biochemical regulation, makes them difficult to drug. An alternative to increasing degradation is to alter synthesis or processing of specific proteins involved in disease. For example, SOD1-fALS is particularly suitable for knockdown due to the absence of severe adverse effects when the SOD1 gene is knocked out in mouse models \[[@CR155]\]. Knockdown of protein expression can be achieved with small molecules, however it is typically achieved using antisense therapy.

Antisense Therapy {#Sec16}
-----------------

In antisense therapy, small DNA or RNA strands called antisense oligonucleotides (ASOs) are administered to patients. The ASO is synthesised to be complementary to the messenger RNA (mRNA) sequence of the protein targeted for knockdown so that it binds with high affinity, either blocking translation or resulting in mRNA degradation (ASO pharmacology is reviewed in Bennett et al. \[[@CR156]\]), effectively lowering expression \[[@CR157]\]. This strategy was recently employed in the case of SOD1-fALS in a phase I trial for safety and efficacy \[[@CR158]\], based on findings in the SOD1-fALS mouse model \[[@CR159]\]. Patients with various SOD1-fALS mutations were enrolled for a single intrathecal injection of SOD1 ASO (ISIS 333611) at doses ranging from 0 to 3 mg. Recorded adverse events were mostly related to the invasiveness of lumbar puncture (back pain, nausea, headache, vomiting, falling), although these occurred infrequently. The ASO was deemed to be safe and capable of being used at higher doses in future.

Measurement of the levels of SOD1 in cerebrospinal fluid (CSF) showed small decreases in SOD1 expression for most mutants over the course of 16 months (but modest increases for the A4V and N139K mutants). The authors claim that concentration decreases could be enhanced with more infusions at greater concentrations. Currently, a different ASO against SOD1 (BIIB067; ClinicalTrials.gov identifier: NCT02623699) is undergoing trials to determine the safety, efficacy, and pharmacokinetics of the ASO, with secondary outcomes assessing its effectiveness at reducing SOD1 levels in patients suffering from SOD1-fALS. The study involves 84 SOD1-fALS patients who will receive ascending doses (single or multiple) of ASO or placebo control across a 169-day period. Primary outcomes will include measuring adverse events, and measurements of laboratory, clinical, physical and neurological outcomes.

ASO therapy is also being actively pursued in the case of HD, with a recently finished phase I/II clinical trial (ClinicalTrials.gov identifier: NCT02519036). The trial was carried out following the development and demonstrated success of ASOs in HD mouse models, which showed that ASOs targeting Htt mRNA were effective at delaying the progression of disease \[[@CR160]\]. ASOs for HD therapy were further developed in mouse models by designing them to have greater specificity for mutant Htt mRNA \[[@CR161]\]. Considering the success in preclinical experiments, an Htt targeting ASO, IONIS-HTTRx, was examined in a phase I/II clinical trial \[[@CR162]\]. This study involved 46 patients diagnosed with early HD who were allotted to receive monthly intrathecal injections of the ASO (or placebo control) for 4 months. Following completion, the study reported that no adverse events that occurred were related to the drug, and that the reported adverse events were mild. They also reported that significant reductions in mutant Htt levels in the CSF were observed. There is yet to be a full publication made available for this particular study, however, what has been reported appears to show promise for sufferers of HD.

Finally, there is a current early-phase clinical trial examining the safety and tolerability of an ASO targeting the microtubule associated protein tau (MAPT) gene in patients diagnosed with mild AD (Clinical Trials.gov identifier: NCT03186989). This trial involves the enrolment of 44 participants who will be subject to monthly intrathecal injections of the ASO 'IONIS MAPTRx' for 4 months. This particular ASO targets MAPT mRNA to decrease the amount of tau protein irrespective of its isoform. The main outcomes will be the number of adverse events related to the drug, and also the efficacy of reducing the levels of tau protein in the CSF of participants. Considering the preclinical evidence that supports the effectiveness of MAPT targeting ASOs to reduce the levels of tau protein \[[@CR163]\], it will be interesting to see the outcomes of this method to treat patients with mild AD. Indeed, if this ASO is shown to have a good safety and tolerability profile, it could be rapidly expanded for use in other tauopathies.

Small Molecules to Decrease Protein Expression {#Sec17}
----------------------------------------------

Another attempt to reduce SOD1 levels was performed using the antimalarial drug pyrimethamine, which has been shown to decrease SOD1 expression in cultured human cells \[[@CR164]\], was tested in a pilot phase I trial in SOD1-associated fALS, and later in a phase I/II trial to determine safety. The initial pilot trial \[[@CR165]\] sought to measure the effectiveness of SOD1 decrease in patients by examining the level of SOD1 expression in leukocytes. Patients were enrolled into an oral dosing regimen beginning at 25 mg/week and increasing over 4 weeks to reach 100 mg/week, which was the maximum dose held for the remaining 6 weeks of the study. The maximum dose was mostly not well tolerated in most patients (nausea and headaches were common), however, the 75 mg dose was well tolerated across patients. Serious adverse effects included one patient developing a severe rash that required corticosteroid therapy, and another patient suffering from a seizure shortly after administration of a pyrimethamine 100 mg dose. Less severe effects included headaches, general malaise, gastrointestinal defects, dizziness and tinnitus. Determination of SOD1 expression and enzymatic activity in patient leukocytes showed a decrease for both measurements after the first dose, with this decrease being maintained throughout the trial.

These results, combined with pyrimethamine being well tolerated at these doses, prompted further study on dose-ranging safety \[[@CR166]\], which determined similar adverse effects as the previous study (nausea, headaches, malaise). Measurement of the SOD1 content of patient CSF showed a general decrease in SOD1 levels throughout the trial, however, patient outcomes were difficult to quantify due to the variable survival associated with SOD1-fALS patients carrying different mutations. These studies show that small compound-based knockdown of SOD1, and perhaps other aggregation-prone proteins, may be worth further exploration.

β-Secretase Inhibitors in AD {#Sec18}
----------------------------

In regard to therapeutic targeting of protein processing, Aβ is a key target for this approach in AD due to its production being dependent on sequential enzymatic cleavage of the transmembrane APP \[[@CR167]\]. There are two pathways of cleavage, one being termed non-amyloidogenic and the other amyloidogenic. The non-amyloidogenic pathway is a result of initial APP cleavage by α-secretase to generate a soluble extracellular fragment (sAPPα), and then cleavage of the membrane domain of the remaining APP by γ-secretase to form the P3 fragment (Aβ^1--40^) and APP intracellular domain. In the amyloidogenic pathway, the extracellular portion APP is cleaved first by β-secretase 1 (BACE1) to generate extracellular sAPPß, after which the membrane domain is cleaved by γ-secretase to generate the more amyloidogenic Aβ^1--42^ peptide associated with AD. Owing to the correlation of Aβ plaque load increasing with age \[[@CR168]\], it would be reasonable to assume that blocking Aβ^1--42^ generation through inhibition of β-secretase-driven APP cleavage would be a viable therapeutic pathway.

Several recent trials have been conducted using BACE1 inhibitors, including verubecestat (NCT01739348, NCT01953601) \[[@CR169]\], atabecestat (NCT02569398) \[[@CR170]\], lanabecestat (NCT02972658, NCT02245737, NCT02783573) \[[@CR171]\], and elenbecestat (NCT02956486, NCT03036280, NCT02322021) \[[@CR172]\]. Collectively, BACE inhibitor trials have not performed well in the clinic, where many of the trials have been prematurely terminated due to futility or off-target effects (NCT01739348, NCT01953601, NCT02972658, NCT02783573). There are several major challenges associated with BACE inhibition, including the difficulty in developing highly specific compounds that have no off-target effects \[[@CR173]\], along with a currently incomplete understanding of the contribution of BACE1 to neurological functioning \[[@CR174]\]. Furthermore, recent evidence using mouse models of AD have shown that the time of drug administration is important \[[@CR175]\].

Plaque in mice brains was directly imaged during a treatment regimen of the BACE1 inhibitor NB-360, where it was found that the growth of existing plaque was similar to that in no treatment, but the formation of new plaque was reduced with BACE1 inhibition \[[@CR175]\]. This suggests that early detection and subsequent administration of BACE1 inhibitors may be a viable therapeutic option. Furthermore, an effective therapeutic approach to AD may involve a combinatorial approach of the careful arrest of production of Aβ monomers and the clearance of aggregated Aβ via immunotherapy or upregulation of clearance mechanisms. A caveat to this approach can be found in the evidence that cognitively normal people can have abundant Aβ-positive plaques \[[@CR176]\], implying that modulation of plaque levels may not be important in AD.

Small-Molecule Tau Aggregation Inhibitors {#Sec19}
-----------------------------------------

Other than Aβ plaques, another neuropathological hallmark of AD is observed with the aberrant aggregation of the microtubule stabilizing protein tau \[[@CR12]\]. In contrast to Aβ plaques, tau aggregates are intracellular and are termed as neurofibrillary tangles. Although the bulk of therapeutics that have been designed to treat AD have targeted Aβ, tau has also been a focus of therapeutic intervention through various approaches, including small molecule aggregation inhibitors. One such inhibitor is the compound methylthioninium (MT) \[[@CR177], [@CR178]\], which is used mostly to treat methemoglobinaemia \[[@CR179]\] or as a dye to stain tissues \[[@CR180]\]. It has been suggested that MT can directly interact with and inhibit tau--tau interactions that are responsible for oligomerization \[[@CR178]\], and that MT can also induce autophagy as another mechanism of tau aggregate clearance \[[@CR181]\]. Considering MT is safe and has excellent pharmacokinetics in humans \[[@CR182]\], and is shown to be effective in both in vitro \[[@CR177], [@CR183], [@CR184]\] and in vivo \[[@CR185]--[@CR187]\] preclinical studies, MT and some derivatives have recently been examined in early-phase clinical trials \[[@CR188]\].

Administration of MT \[[@CR188]\] at dosages of either 69, 138, or 228 mg/day for 102 weeks to a subset of mild and moderate AD patients (*n* = 170) was found to have very few adverse effects, in line with previously validated pharmacokinetics of the drug \[[@CR182]\]. The clinical outcomes were measured at 24 weeks of treatment using the ADAS-cog \[[@CR189]\], finding that the 138 mg/day treatment was statistically effective at preventing cognitive decline in mild sufferers, but was found to have no impact on moderate AD patients. Currently, a derivative of MT, TRx2037 (also known as LMTM or LMTX; see below for details), created by TauRx Therapeutics (Singapore) is being assessed in several phase III clinical trials of dementias, including mild AD (NCT01689233) and behavioural variant FTD, for safety and efficacy (NCT02245568, NCT01626378). The study design of these trials improves upon the previously mentioned MT trial, with a longer time period and more primary outcome measures (NCT01689233: 200 mg/day, 78-week time frame, ADAS-cog11, Alzheimer's Disease Cooperative Study--Activities of Daily Living 23-item \[ADCS-ADL23\]; NCT02245568: 200 mg/day, 152-week time frame, comparison of serious and non-serious events, change from baseline tests \[haematology, serum, weight, respiration, blood pressure, pulse, electrocardiograms\]; NCT01626378: 200 mg/day, 52-week time frame, Addenbrooke's Cognitive Examination--Revised \[ACE-R\], Functional Assessment Questionnaire \[FAQ\], brain MRI).

TRx2037, which is also known as leuco-methylthioninium bis\[hydromethanesulfonate\] (LMTM), was developed as a reduced form of MT to improve its stability, and was found to be effective in vitro and in vivo at reducing tau aggregation and pathology \[[@CR183], [@CR185]\]. LMTM was used in a recent phase III trial for safety and efficacy in sufferers of mild to moderate AD \[[@CR190]\]. Patients (*n* = 891) were administered LMTM 75 or 125 mg twice daily (placebo control was LMTM 4 mg for discolouration of urine and faeces) for 15 months. The primary outcomes of the study were ADAS-Cog and ADCS-ADL \[[@CR191]\], which were assessed at 65 weeks after the start of treatment. Adverse events were mostly gastrointestinal and urinary in nature, but also included anaemia, folate deficiency, and coughing, although these were considered not serious enough for discontinuation. Adverse events appeared to occur at equal rates in the placebo (84%), 75 mg (84%), and 125 mg (87%) groups. However, none of the treatment groups were found to show a significant improvement in either ADAS-Cog or ADCS-ADL, unlike the previous study of MT \[[@CR188]\]. On the other hand, the authors note that in this study, LMTM was not used as a monotherapy, and, as a result of patients potentially taking other AD therapeutics, could confound the analysis owing to variable rates of decline.

Stabilization of Native Conformations of α-Synuclein {#Sec20}
----------------------------------------------------

The misfolding and aberrant aggregation of α-synuclein is associated with both PD \[[@CR9]\] and MSA \[[@CR13]--[@CR15]\]. Similar to Aβ, α-synuclein can be considered as an intrinsically disordered protein that is capable of adopting toxic oligomeric and fibrillar conformations \[[@CR192]\]. Considering this, there have been attempts to stabilize the native conformations of the protein (either disordered monomer or native tetramer) to prevent it from adopting toxic conformations, and also to increase the intracellular clearance of aggregated α-synuclein. The small molecule NPT200-11 (developed as a collaboration between Neuropore Therapies and UCB), which is reported to stabilize α-synuclein and prevent aggregation, showed good efficacy in preclinical models \[[@CR193]\]. Specifically, it was capable of being orally administered, crossing the blood--brain barrier, while significantly reducing pathology, motor phenotypes, and behavioural phenotypes. This success prompted a phase I trial, which was conducted only on healthy subjects, to determine the maximum safe dose (NCT02606682). This trial was completed in early 2016 and any results have yet to be published or reported.

Antibody-Based Therapies {#Sec21}
========================

Another promising method by which toxic misfolded and aggregated protein may be cleared is the use of monoclonal antibodies (mAbs), or manipulation of the immune system to produce antibodies that recognize the toxic species. This type of approach has several advantages owing to the high binding selectivity of antibodies to specific epitopes. Since misfolded and aggregated proteins typically have a substantially altered structure from their native conformation(s), antibodies can be generated that target the misfolded forms through rational design approaches \[[@CR194]--[@CR196]\], or by library screening methods \[[@CR197]\]. Administration of an antigen to a patient to promote the generation of antibodies by the immune system is called active immunization, whereas administration of a recombinantly produced mAb to a patient is termed passive immunization. Passive immunization has the advantage of the produced antibody being generated as an mAb, meaning the selectivity of binding is significantly increased. As a result of the increased binding selectivity, typically less off-target effects are observed with this approach \[[@CR197]\].

Immunotherapies for Amyloid-β in AD {#Sec22}
-----------------------------------

Active immunization has shown some success in AD mouse models \[[@CR198]--[@CR200]\], however, an early active immunotherapy using Aβ^1--42^ as an immunogen resulted in a small proportion of patients suffering from meningoencephalitis \[[@CR201], [@CR202]\]. Regardless, patients from this trial who did not develop meningoencephalitis were found to have significantly improved cognitive capabilities compared with control patients in a long-term follow-up \[[@CR203]\]. More recent immunopathological investigation of some of the immunized patients showed that plaque removal was persistent for 14 years after immunization \[[@CR204]\]. A more recent clinical trial is underway involving a vaccine called ACI-24 that is composed of the last 15 residues of Aβ^1--42^ modified to insert into liposomes and present a beta-sheet conformation \[[@CR205]\]. Preclinical trials in transgenic APPxPS-1 mice showed good immunogenicity, improved cognitive capabilities, reduced Aβ pathology, and showed no signs of increased inflammation \[[@CR206]\]. Phase I/II trials of the vaccine were carried out involving 198 patients with mild-moderate AD, with a 340--460 mg dose of vaccine injected subcutaneously (EU clinical trials number 2008-006257-40). More recently, ACI-24 is being examined in a phase I clinical trial aimed at determining safety and tolerability in patients with Down syndrome (NCT02738450). Patients will be subcutaneously injected with ACI-24 seven times over 12 months at either high or low doses, where follow-up will occur over 12 months after the final injection. Primary outcomes will include monitoring of adverse events and measurement of antibody titres, while secondary outcomes will include measures of amyloid using positron emission tomography imaging and CSF extraction.

Passive immunotherapies of mAbs have been undergoing late-stage clinical trials, where the administered mAbs have been raised against specific epitopes of Aβ (Table [2](#Tab2){ref-type="table"}). Some trials are ongoing (gantenerumab---NCT02051608), however, those that have results reported for phase III and II clinical trials (aducanumab---NCT02484547; bapineuzumab---NCT00575055 and NCT00574132; crenezumab---NCT01343966; ponezumab---NCT00722046; solanezumab---NCT00905372 and NCT00904683) showed no significant effects on the cognitive decline in patients, as measured using ADAS-cog. These trials mostly showed minor amyloid-related imaging abnormalities (ARIA) in contrast to the previously mentioned active immunization (Table [2](#Tab2){ref-type="table"}). The inability of these mAbs to improve outcomes for patients with mild--moderate AD has made some call into question the amyloid cascade hypothesis \[[@CR207]--[@CR210]\], suggesting that other targets may lead to more beneficial outcomes in clinical trials.Table 2Clinical trials of passive immunotherapies targeted at AβmAbEpitopeBinding selectivityPhasePatientsDosageOutcomesClinicalTrials.gov identifierReferencesAducanumabaa3--7Mon: ×Olig: ✔Fib: ✔III1605Mild--moderate ADLow\*High\*IVTerminated as of 19 March 2019 due to futilityNCT02484547\[[@CR217]\]BAN2401ProtofibMon: --Olig: --Fib: --II800Mild--moderate AD2.5, 5, 10 mg/kg biweekly or monthlyIVEffective in phase II testing, as announced at the Alzheimers International Conference 2018NCT02094729\[[@CR218]\]Bapineuzumabaa1--5Mon: ✔Olig: ✔Fib: ✔III2452(1121 ApoE4+)(1331 ApoE4-)Mild--moderate AD0.5, 1.0 mg/kg every 13 weeksIVADAS-cog11: No differenceDAD score: No differenceARIA-E: Observed in some patientsNCT00575055NCT00574132\[[@CR219]\]Crenezumabaa13--24Mon: ✔Olig: ✔Fib: ✔II431Mild--moderate AD300 mg SC injection every 2 weeks, or 15 mg/kg IV every monthADAS-cog12: No differenceCDR-SB: No differenceADCS-ADL: No differenceARIA-E: One caseNCT01343966\[[@CR220]\]Gantenerumabaa3--12, 18--27Mon: ✔Olig: ✔Fib: ✔III389Mild--moderate ADMonthly SC injection(Ongoing)NCT02051608\[[@CR221], [@CR222]\]Ponezumabaa30--40Mon: ✔Olig: ×Fib: ×II198Mild--moderate AD0.1, 0.5, 1 mg/kg, or 3, 8.5 mg/kgIV injection every 50 daysADAS-cog: No differenceDAD: No differenceARIA-E: 13.8% drug-treatedNCT00722046\[[@CR223]\]Solanezumabaa16--26Mon: ✔Olig: ×Fib: ×III2040Mild--moderate AD400 mgIV injectionMonthlyADAS-cog11: No differenceADAS-cog14: No differenceARIA-E: 4.9% for solanezumab-treated patientsNCT00905372NCT00904683\[[@CR224]\]*Aβ* amyloid-β, *AD* Alzheimer's disease, *ADAS-cog* Alzheimer's Disease Assessment Scale--cognitive subscale, *ADCS-ADL* Alzheimer's Disease Cooperative Study-Activities of Daily Living, *ApoE* apolipoprotein E, *ARIA* amyloid-related imaging abnormalities, *CDR-SB* Clinical Dementia Rating Scale Sum of Boxes, *DAD* Disability Assessment for Dementia, *Fib* fibrils, *IV* intravenous, *Mon* monomers, *Olig* oligomers, *SC* subcutaneous, ✔ positive binding to this species, × negative binding to this species\*No specific dosages are listed for this clinical trial

Others have argued that a consideration for AD (and neurodegeneration in general) is the time at which therapeutic intervention should occur, as amyloid pathology and changes to brain function are measurable years prior to cognitive decline \[[@CR211], [@CR212]\], and there are suggestions that amyloid burden can predict decline \[[@CR213]\]. A potential key drawback to the above mAbs is their non-selectivity for the toxic Aβ oligomers. The non-selective nature of binding is likely to result in target distraction, leading to binding with functional Aβ monomer that can reduce the effective concentration of the therapeutic, or binding with Aβ plaques, which can result in ARIA-related dose limitations. Regardless, new clinical trials are currently being carried out with solanezumab where the aim is to test if the mAb can be used to prevent or reduce cognitive decline in individuals who are positive for Aβ plaques, as measured by brain scans, but do not show clinical presentation of the disease (NCT02008357). Although these mAbs were ineffective at slowing decline, they were all well tolerated and exhibited low levels of ARIA (Table [2](#Tab2){ref-type="table"}). A more rational approach, targeting not just the amino acid sequence but also structural conformation, could reduce the ARIA observed even further and make mAbs targeting toxic Aβ even more potent \[[@CR194], [@CR214]\]. More recently, there has been a focus on targeting the soluble oligomeric forms of Aβ \[[@CR194]\] as it is thought to be the major toxic species within the amyloid cascade hypothesis \[[@CR215], [@CR216]\]. Notably, Aβ oligomer-specific antibodies have not yet been tested in patients.

Immunotherapies for Tau in AD {#Sec23}
-----------------------------

In AD, tau pathology has been observed to be more strongly correlated with clinical decline than Aβ pathology. Immunotherapies targeting tau have thus been intensively researched, focusing on pathologic tau which, as mentioned previously, is abnormally phosphorylated \[[@CR12]\]. Similar to Aβ, tau immunotherapies have included both active and passive immunization. Active immunization clinical trials targeting tau include ACI-35 \[[@CR205]\] and AADvac-1 \[[@CR225]\]. ACI-35 is a vaccine, similar to ACI-24, consisting of several fragments of the tau peptide sequence encompassing phosphorylated serine residues 396 and 404 incorporated into a liposomal delivery system \[[@CR205]\]. Administration of this vaccine to transgenic mice expressing mutant human tau P301L, found that treated mice had reduced levels of tau aggregates and improved survival \[[@CR226]\]. A phase I trial of ACI-35 was carried out to assess tolerance and efficacy (ISRCTN13033912), where patients were injected with low, medium, or high doses two to five times over 6 months. The primary outcomes included monitoring of adverse events and measurement of antibody titre in sera, while secondary outcomes included measurements of biomarkers and cognitive decline. No publication has resulted from this trial, although it finished in 2017.

Another active immunotherapy for tau currently in clinical trials is AADvac-1, which is a KLH (keyhole limpet haemocyanin)-conjugated peptide composed of amino acids 294--395 \[[@CR225], [@CR227]\]. The aim was to target the region of tau responsible for aberrant tau--tau interactions rather than phosphorylation sites. Injection of the vaccine into a rat AD model showed that treated animals had reduced tau oligomers, neurofibrillary tangles, and phosphorylation, while also having improved clinical phenotypes \[[@CR225]\]. This success led to AADvac-1 being examined in a phase I clinical trial to assess the immunogenicity and safety of the vaccine in humans \[[@CR228]\] (NCT01850238). The trial involved 30 patients who were injected with AADvac-1 40 μg/mL once per month for 6 months, where the primary outcomes were measurements of any adverse events. The vaccine was well tolerated, where the most common adverse event was injection site reactions (observed in 53% participants), which were only minor. The vaccine elicited no aberrant immune response or microhaemorrhages akin to previously discussed Aβ vaccines.

A follow-up phase I open-label study was also performed on participants in this trial 72 weeks after conclusion (NCT02031198) \[[@CR229]\]. In this study, 26 of the previous participants were enrolled and were injected similarly to the previous trial, except that injections occurred three times a month. Again, the most common adverse event observed was injection site reaction (50% of participants), and no aberrant immune responses were reported, except for microhaemorrhages observed in one patient. Cognitive decline, as measured by baseline ADAS-cog11 value, was shown to be significantly reduced in treated patients compared with placebo control. This safety and tolerance profile prompted AADvac-1 to move into a phase II clinical trial that is currently ongoing (NCT02579252). This trial has enrolled 208 participants with mild AD who will be monitored over a 24-month period where patients will receive a single dose of the vaccine per month for 6 months, after which five booster shots will be administered over a 15-month period.

There are currently eight ongoing clinical trials involving passive immunotherapies targeting tau, with several others in late-stage preclinical development \[[@CR230]\]. These clinical trials have been reviewed in detail by Congdon and Sigurdsson \[[@CR231]\]. BMS-986168 is an antibody targeting residues 9--18 near the N-terminus of tau; in animal models this antibody reduces levels of tau in the interstitial space and soluble Aβ^1--40^ in the brain \[[@CR232]\]. Several clinical trials involving this antibody are either completed or are underway (NCT02460094, NCT02294851, NCT03068468, NCT02658916), including a phase II trial to study the antibody's clinical efficacy in 400 patients with progressive supranuclear palsy (PSP; NCT03352557). C2N-8E12 recognizes amino acids 25--30 of the tau protein. In cell culture, this antibody prevented pathological tau seeding caused by exogenous tau aggregates \[[@CR233]\].

Two phase II trials are expected to be completed in 2019 and 2020; one involves 330 patients with PSP and the other involves 400 patients with early-stage AD. The antibody RO7105705 likely targets pSer409 on tau, although the epitope has not been disclosed \[[@CR234]\]. RO7105705 is currently being assessed for safety and tolerability. The antibody LY3303560 possibly targets a conformational epitope on tau, although this information has also not been officially disclosed. Phase I trials to study safety and pharmacokinetics have recently been completed for MCI, and are expected to finish in 2020 for AD. UCB0107 and JNJ-63733657 are antibodies designed to prevent the seeding and spreading of pathological tau. UCB0107 binds to amino acids 235--246 in the proline-rich region of tau, and JNJ-63733657 likely binds to the mid-region of tau \[[@CR235]\]. Antibodies targeting pathological hyperphosphorylated tau have also recently entered clinical development for the treatment of AD \[[@CR236]\]. Tau immunotherapy continues to develop rapidly, with several new trials likely to start in the near future.

Immunotherapies for α-Synuclein in PD and Multiple System Atrophy {#Sec24}
-----------------------------------------------------------------

Immunotherapies targeting the protein misfolding and aggregation component of PD and MSA are also currently being pursued, with a focus on the primary aggregating protein in these syndromes, i.e. α-synuclein. In comparison to the previously mentioned tau and Aβ therapies (Sects. [6.1](#Sec22){ref-type="sec"} and [6.2](#Sec23){ref-type="sec"}, respectively), the α-synuclein targeting therapies are less developed. Two active immunotherapies (PD01A---NCT01568099, NCT01885494, NCT02216188, NCT02618941; and PD03A---NCT02270489, NCT02267434) are currently being investigated as part of the SYMPATH initiative. Immunization of multiple transgenic α-synuclein mouse models with either PD01A or PD03A epitopes resulted in decreases in pathology and motor deficits \[[@CR237], [@CR238]\]. In regard to clinical trials, the SYMPATH initiative has reported (no scientific publications currently available) that the PD01A and PD03A vaccinations were well tolerated. Interestingly, the epitopes were designed to mimic specific parts of α-synuclein in such a way as to not elicit humoral or T-cell immune responses. This technology was initially validated in AD patients \[[@CR239]\], finding minimal adverse effects and, most importantly, no unwanted immune response. Currently, the results from the clinical trials of the PD01A and PD03A vaccinations are unpublished, however there are plans to make this information available to the wider scientific community.

Several passive immunotherapies are being produced for the synucleopathies, including BIIB054 (NCT02459886, NCT03716570, NCT03318523) \[[@CR240]\], prasinezumab (NCT02157714, NCT02095171, NCT03100149) \[[@CR241]\], BAN0805 (BioArctic, recently approved by the FDA for phase I trials as of 2019), and MEDI1341 (NCT03272165). The purpose of these immunotherapies is considered to be the targeting of extracellular α-synuclein to prevent the prion-like cell-to-cell transfer of misfolded or aggregated species \[[@CR242]--[@CR244]\]. Of these passive immunotherapies, BIIB054 and prasinezumab have both passed early-phase trials for safety tolerability. BIIB054 was intravenously administered at a single dose of 15 or 45 mg/kg to 18 patients suffering from PD. Encouragingly, most adverse events recorded were not associated with drug administration \[[@CR245]\]. Likewise, prasinezumab was found to elicit no severe adverse events relating to drug administration \[[@CR241]\]. In this study, prasinezumab was intravenously administered to six cohorts of patients in ascending doses (0.3, 1.0, 3.0, 10, 30, or 60 mg/kg, or placebo). More severe events were recorded for the patients receiving prasinezumab comparative to placebo control, where these events included mostly bowel-related problems (constipation, diarrhoea) and other effects related to diagnostic tests (post-lumbar puncture syndrome). Overall, only 13% of patients reported treatment-related adverse events, therefore prasinezumab was considered to be safe and well tolerated \[[@CR241]\].

The current early-phase trials of passive immunotherapies against α-synuclein, including BAN0805 and MEDI1341, have very little publicly available data. BAN0805 is suggested to target protofibrillar and oligomeric α-synuclein species, and MEDI1341 is suggested to have a significantly lower effector function than other similar antibodies; however, the safety and tolerability of these two promising candidates remain to determined \[[@CR246]\].

Translation of Preclinical Trials to the Clinic {#Sec25}
===============================================

A major difficulty for the development of effective therapeutics for proteopathic NDs is the disconnect between preclinical success and clinical success. Treatments first have to show efficacy and safety in animal models of disease prior to being utilized in a clinical trial, and the current success rate of clinical trials aiming to treat ND has been very low. The reasons for this difficulty stem from many factors, including a lack of understanding of disease aetiology, difficulty in diagnosing disease onset, the genetic and lifestyle diversity of the populations suffering from ND, and the heterogeneity of ND pathology.

Currently, our understanding of neurodegeneration disease aetiology is incomplete. Although this review discusses the toxic nature of protein misfolding and aggregation, it must be stated that it is still unknown whether aggregation is a symptom, whether it is causative, or even whether it is a protective measure in proteopathic ND. In addition to protein aggregation, inflammation is another hallmark pathology of ND that is potentially causative \[[@CR247]\]. It is highly likely that ND is a result of many different molecular events and that each will need to be alleviated if disease is to be treated. A single-target approach with therapeutics may not be sufficient for successful treatment, and administration of multiple therapeutics could potentially offer better prospects, as has been the de facto standard in cancer therapy \[[@CR248]\].

Biomarkers of ND are notoriously difficult to identify owing to the invasiveness of procedures to procure them, often requiring samples of CSF. The development of sensitive and easy-to-procure biomarkers is not only necessary for effectively tracking decline and changes to patients in clinical trials but also for earlier diagnoses. However, sensitivity of immunological (including blood analytes) and neuroimaging techniques has improved significantly over the last decade \[[@CR249], [@CR250]\]. The translation of improved imaging and immunological measurements of disease pathology, in combination with a better understanding of disease aetiology, will provide a useful means by which to detect and diagnose those people at risk of developing ND, which can lead to effective preventative measures being taken. Many of the previously discarded therapeutics could potentially have a positive effect if administered prior to the typically detected events that signal neurodegeneration, such as cognitive decline, which occur well after damage has occurred to the central nervous system.

Finally, the genetic and pathological heterogeneity of patients is a significant consideration for the success of clinical trials, as a therapeutic effective for one class of patient may not be effective in others. Therefore, each individual case should be monitored carefully for genetic background and important markers of pathology \[[@CR251]\]. The majority of ND cases are sporadic, which can be significantly influenced by genetic risk factors, as well as environmental factors. It is therefore critical to understand each individual's molecular and physiological signatures. In some cases, it could be possible to stratify or group patients on the basis of their molecular signature (RNA/DNA/protein expression profiles) so that cases in which therapeutics would be effective can be determined and not masked by large sample sizes of a diverse patient population. The rapid increase in technology, and medical interest in patient-derived stem cell models, would prove valuable as an initial step to examine not only drug response but also patient pathology diversity \[[@CR252]\].

Conclusions {#Sec26}
===========

It is abundantly clear that something must be done to alleviate the growing burden of neurological disorders worldwide. As it stands, the success rate of clinical trials in dementia is bewilderingly low, which cannot be allowed to persist. While attempts to specifically target toxic protein species are not new, methods to target and upregulate global protein homeostasis in cells are only just now moving into the clinic. The clinical trials discussed within this review hold promise to help treat and/or cure several NDs, although it remains to be seen how effective they will be on a wide scale. Future clinical trials into proteopathic NDs should include greater measures to group patients on the basis of their molecular pathology signatures. As the worldwide population ages, the need for effective means of combating age-related proteopathies is becoming increasingly urgent.

LM wrote the initial manuscript. SSP and NRC revised the manuscript to its final form.

The authors funded the open access fee. SSP acknowledges the Canadian Institutes of Health Research Transitional Operating Grant 2682, and the Alberta Prion Research Institute, Research Team Program Grant PTM13007. NRC acknowledges the Canadian Consortium for Neurodegeneration in Aging (CCNA) and Brain Canada.

Luke McAlary declares no conflicts of interest. Steven S. Plotkin is the Chief Physics Officer, and Neil R. Cashman is the founder and Chief Scientific Officer, of ProMIS Neurosciences.
